It has long been recognized that the T-cell compartment has more CD4 helper than CD8 cytotoxic T cells, and this is most evident looking at T-cell development in the thymus. However, it remains unknown how thymocyte development so favors CD4 lineage development. To identify the basis of this asymmetry, we analyzed development of synchronized cohorts of thymocytes in vivo and estimated rates of thymocyte death and differentiation throughout development, inferring lineage-specific efficiencies of selection. Our analysis suggested that roughly equal numbers of cells of each lineage enter selection and found that, overall, a remarkable ∼75% of cells that start selection fail to complete the process. Importantly it revealed that class I-restricted thymocytes are specifically susceptible to apoptosis at the earliest stage of selection. The importance of differential apoptosis was confirmed by placing thymocytes under apoptotic stress, resulting in preferential death of class I-restricted thymocytes. Thus, asymmetric death during selection is the key determinant of the CD4:CD8 ratio in which T cells are generated by thymopoiesis.
It has long been recognized that the T-cell compartment has more CD4 helper than CD8 cytotoxic T cells, and this is most evident looking at T-cell development in the thymus. However, it remains unknown how thymocyte development so favors CD4 lineage development. To identify the basis of this asymmetry, we analyzed development of synchronized cohorts of thymocytes in vivo and estimated rates of thymocyte death and differentiation throughout development, inferring lineage-specific efficiencies of selection. Our analysis suggested that roughly equal numbers of cells of each lineage enter selection and found that, overall, a remarkable ∼75% of cells that start selection fail to complete the process. Importantly it revealed that class I-restricted thymocytes are specifically susceptible to apoptosis at the earliest stage of selection. The importance of differential apoptosis was confirmed by placing thymocytes under apoptotic stress, resulting in preferential death of class I-restricted thymocytes. Thus, asymmetric death during selection is the key determinant of the CD4:CD8 ratio in which T cells are generated by thymopoiesis.
CD4 T cells | CD8 T cells
D evelopment of CD4 and CD8 lineage cells from common thymic precursors is one of the most fundamental developmental processes in the adaptive immune system. The predominance of CD4 over CD8 T-cell populations in the periphery has been apparent since helper and cytotoxic T cells were first delineated more than 30 y ago (1) , but the cause of this signature bias has remained obscure. A key contribution arises from the ratio in which CD4 and CD8 lineage T cells are generated by the thymus. Single-positive (SP) thymocytes exist in the thymus at ∼4:1, a ratio that is highly conserved across mouse strains and other species, suggesting that the developmental mechanisms involved are fundamental to the processes that give rise to mature T cells in the thymus. During thymocyte development, T-cell antigen receptor (TCR) genes undergo somatic rearrangements to generate a broad repertoire of TCR structures. Negative and positive selection of thymocytes results in the deletion of autoreactive thymocytes and ensures that class I and class II MHC reactivity is correlated with CD8 and CD4 lineage specification. The molecular mechanisms underpinning these processes are increasingly well understood. Although survival of thymocytes is regulated by expression of Bcl2 family members, up-regulation of the BH3-only family member Bim has been specifically implicated as a key event in negative selection of thymocytes (2) . During positive selection, class II recognition is thought to induce strong persistent signaling that results in a cascade of transcriptional regulation by factors such as GATA3 and T-helper-inducing POZ/Krüppel-like factor, which results in fixation of cells to the CD4 lineage (3, 4) . In contrast, weaker or transient signaling by class I MHC results in the cytokine-dependent induction of a Runx3-mediated transcriptional program that induces CD8 lineage commitment (5) (6) (7) (8) .
Despite this extensive characterization of molecular mechanisms, the fundamental question remains: What is the source of the bias toward the generation of CD4 lineage cells during thymic development? In principle, this bias can arise from two sources, which are not mutually exclusive: (i) There may be a substantial difference in the numbers of precursor CD4 CD8 double-positive (DP) thymocytes expressing functional TCR rearrangements that are able to recognize MHC class I vs. MHC class II, or (ii) selection of the two lineages may occur with different efficiencies as they progress toward CD4 SP or CD8 SP status, that is, the probabilities with which cells mature or die at each stage of development. However, because cells of each lineage cannot be enumerated separately until late in development, identifying where lineage-specific selection bottlenecks and/or asymmetries between lineages originate is difficult. To complicate the picture, our previous work has established that the two lineages develop with very different dynamics: CD4 lineage cells develop in 24-36 h from DP precursors, whereas CD8 lineage cells take in excess of 72 h to develop (9) . Thus, at steady state in the thymus, each developmental stage comprises a mixture of lineages dynamically turning over, and maturing and dying, at potentially different rates. Disentangling and quantifying these processes to understand how the CD4 SP:CD8 SP ratio arises is therefore challenging.
Here, we addressed this problem using an experimental system that allows us to follow cohorts of thymocytes through development, in combination with a quantitative analysis that naturally describes dynamic populations. Together, these tools allowed us to measure the efficiencies with which cells of all lineages combined progress through development and to identify the asymmetries in the rates of maturation and death between class I and class II MHCrestricted populations that underlie both the emergence of the CD4 SP:CD8 SP bias and the different developmental kinetics
Significance
Thymocytes express a diverse repertoire of T-cell antigen receptors. Stringent selection processes eliminate autoreactive cells and guide useful thymocytes to develop into CD4 or CD8 lineages. Development always generates more CD4 than CD8 T cells, but it is not understood why. Our study used mathematics to investigate the basis of this asymmetric lineage development. Although similar numbers of CD4 and CD8 precursors start selection, our analysis revealed unexpectedly high death rates in developing thymocytes. In particular, CD8 precursors were more susceptible to death than CD4 lineage cells, and this was a major contributor to the high CD4:CD8 ratio of development.
of the two populations. Our analysis suggests that the CD4 bias derives predominantly from differences in lineage-specific rates of death at a key DP branch point, and not from any substantial imbalance in the numbers of class I-and class II-restricted precursors entering selection. Analyzing thymocytes placed under apoptotic stress confirmed the key prediction that CD8 lineage thymocytes are specifically more susceptible to apoptosis during selection and that this underlies the marked CD4 lineage bias in thymocyte development.
Results
Thymocyte Development Can Be Described Quantitatively with a Dynamical Mathematical Model. To understand quantitative aspects of thymopoiesis better, we developed a model of differentiation and death across key stages of development. The model focused on selection of DP thymocytes to either CD4 SP or CD8 SP thymocyte populations. Previous studies have identified three populations of DP thymocytes that are at distinct temporal stages of development (9) int and consist entirely of CD8 lineage cells developing ∼60 h after onset of selection (Fig. 1 ). Using this temporal developmental scheme, we defined a five-compartment differential equation model representing the three DP and two SP populations ( Fig. 1 ). DP1 thymocytes are generated from CD4 CD8 double-negative (DN) thymocyte precursors at a constant rate λ (total cells per day). Cells in each DP population either develop to the next stage(s) or die. These behaviors are assumed to obey firstorder kinetics with independent rate constants (Methods). Selection efficiency within each compartment is the net probability of surviving to maturation, which is (maturation rate)/(maturation rate + death rate). Thus, differences in selection efficiency can arise from differences in maturation rate and/or susceptibility to death. Finally, SP thymocytes can be lost by either thymic egress or death, and the combination of these processes is captured by a one loss-rate parameter for each SP subset. The model also assumes that there is no cell division among mature DP1 thymocytes and subsequent product populations as suggested elsewhere (10) . The validity of this assumption was confirmed by analysis of carboxyfluorescein succinimidyl ester-labeled DP1 thymocytes following transfer to WT thymus. No cell division was observed in any DP populations, and only a small population of SP thymocytes underwent a single division by ∼day 6 (Fig. S1) .
To estimate the rates of differentiation and death within each population, we required measurements of thymocyte development in vivo over time; in particular, we needed to follow the system as it approached equilibrium from its arrested state. The dynamics of this process are rich in information regarding death and maturation across the different developmental stages. To generate these data, we used Zap70 −/− mice in which thymocyte development, blocked at the DP stage, can be reconstituted following induction of a tetracycline-inducible Zap70 transgene (TetZap70; Methods). Restoration of thymic development in Rag1 −/− irradiation chimeras reconstituted with bone marrow from TetZap70 mice was measured over 10 d, allowing us to follow the dynamics of the different compartments as they reached equilibrium. In addition, we generated similar time course data using chimeric mice in which TetZap70 development occurred in the absence of either class I or class II MHC in Rag1
−/− and Rag1
−/−
Mhc-II −/− chimeric hosts, respectively. In this way, both simultaneous and independent development of CD4 or CD8 T cells was assessed. We estimated the three associated sets of rate constants from these time courses (Methods). The predicted dynamics closely matched the observations in all three cases (Fig. 2) , with the most striking agreement for class IIand class I-restricted development occurring in isolation ( Fig. 2 B and C, respectively). Fig. 3 A and B shows the estimated rates of differentiation and death across each compartment for all three developmental scenarios, and Fig. 3C shows the partitioning of fates across each compartment, derived from the point estimates of the parameters. To minimize the complexity of the model and ensure identifiability of parameters, the model did not include populations such as natural killer T cell (NKT), regulatory T cell (T reg ), or intraepithelial lymphocyte precursor populations. NKT and T reg are of low abundance in TetZap70 mice (9) , whereas intraepithelial populations were similar between b2m −/− and MhcII −/− TetZap70 chimeras; thus, their omission was not expected to introduce significant bias to parameter estimates (Fig. S2) .
Model of TetZap70 Thymic Development also Describes WT Development.
Although the best-fit parameter values gave an accurate description of thymic development in TetZap70 mice, we have previously reported that these mice have a specific defect in DP3-CD8 SP differentiation, and consequently generate fewer CD8 SPs than WT mice. This defect was evident in the time courses obtained from class II-deficient TetZap70 mice, in which CD8 SP generation was reduced compared with WT (Fig. 2) . In addition, ongoing analysis of class I-deficient TetZap70 mice revealed that CD4 lineage development may be suboptimal in TetZap70 mice compared with WT because these mice develop a much larger DP3 population than is found in class I-deficient mice expressing WT Zap70 (Fig. 2B ). This appears to be a developmental dead-end for class II-restricted cells in TetZap70 mice, because none of these cells give rise to mature CD8 SPs. The model estimates that ∼20% of class II-restricted thymocytes misdirect to the DP3 stage in TetZap70 mice (Fig. 3C) . In light ) subsets of DP thymocytes. The mathematical model assumes a strict precursor relationship between thymic subsets (as shown), and the population kinetics are described by first-order differential equations. Parameters: δ1, δ2, and δ3 are death rates from the corresponding DP population; λ is the input rate to DP1 from DN thymocytes; μ12, μ23, μ24, and μ38 are rates of maturation between the indicated populations; and v4 and v8 are combined death and egress rates from SP populations. of these differences with WT, we were concerned as to how applicable the model parameters estimated from TetZap70 data would be to WT development. We have previously shown that purified WT DP1 thymocytes develop with dynamics similar to those observed in the TetZap70 mice following their transfer to WT thymus (9) . Absolute cell recoveries following intrathymic injections are subject to too much biological variation to be used to identify parameter values directly. Instead, TetZap70 parameter estimates were used to predict the development of WT DP1 thymocytes following their intrathymic transfer. Up to day 4 after transfer, the model reproduced the kinetics of all the downstream populations. After day 4, DP2 and CD4 SP kinetics were described with less accuracy but still within the 95% confidence interval (CI) parameter envelope (Fig. 4) . However, the model overestimated WT DP3 frequencies and underestimated WT CD8 SP frequencies. Because TetZap70 mice have a known block in CD8 SP development, the rate of differentiation from DP3 to CD8 SP (μ 38 parameter) estimated from these mice is very likely to be lower than the true rate for WT DP3 thymocytes. Significantly, simply increasing this rate was sufficient to improve the model's prediction of WT thymocyte behavior and, unsurprisingly, revealed an inverse relationship between the rate of maturation from DP3 into CD8 SP (μ 38 ) and the 4:8 ratio (Fig.  4B ). Increasing μ 38 simultaneously reduced DP3 representation and increased the size of the CD8 SP population (Fig. 4C ). This strongly suggests that the value of μ 38 in WT mice is greater than the value estimated from TetZap70 time course data, and that selection within DP3 is thus more efficient. Finally, we compared key estimates of thymocyte behavior from the present model with those made in previous studies of mouse thymic development and found broad agreement (Table 1) . Taken together, these results suggest that despite the defects evident in the TetZap70 thymocyte selection, the estimated parameters were applicable to WT thymocyte behavior, with the exception of the transition from DP3 to CD8 SP.
In Vivo Survival of Thymocyte Populations Reflects Model Estimates.
A key finding of the modeling was variation throughout thymocyte development in susceptibility to death, with the highest overall rate in DP2 thymocytes and the lowest in DP3 thymocytes. We had already established that the dynamics of TetZap70 thymocytes mirrored those of WT thymocytes. However, the possibility remained that rates of maturation and death in TetZap70 thymocytes could differ from those in WT but still yield similar overall dynamics. We therefore analyzed WT thymocyte survival to ask whether death rates that emerged from the modeling of TetZap70 development reflected the biology in WT thymocytes. Survival of purified WT thymocyte subsets was determined following their adoptive transfer into thymi of congenic mice. Purified thymocyte populations from CD45.1 donors were transferred by direct intrathymic injection, together with a control cohort of cell dye-labeled DP thymocytes from Zap70 −/− mice. A measure of the overall survival of the donor population was made by comparing total recovery of donor cells with that of the control DP thymocytes from Zap70 −/− mice. We first measured survival of DP1, DP2, DP3, CD4 SP, and CD8 SP WT populations. Human CD2 + (huCD2 + ) and huCD2 − DP1 thymocytes from TetZap70 mice were also assessed as controls (Fig. 5A ). Thymocytes from TetZap70 mice that have failed to induce the TetZap70 transgene following induction can be identified by the lack of huCD2 reporter expression and are Zap70-deficient (9) . As anticipated, survival of huCD2 − DP1 cells was virtually identical to that of the partner Zap70 −/− DP thymocytes. Interestingly, survival of Zap70-sufficient huCD2 + DP1 thymocytes from TetZap70 mice was greater than that of Zap70 −/− control DP thymocytes, and was indistinguishable from the survival of DP1 thymocytes from WT donors. From the model fits, death rates among DP2 thymocytes were estimated to be far higher than for DP1 cells, whereas the death rates of DP3 thymocytes were estimated to be much lower than for both DP1 and DP2 thymocytes (Fig. 3A) . The recovery of WT DP2 and DP3 subsets mirrored the survival behavior estimated by the model. WT DP2 thymocyte survival was far poorer than WT DP1 survival. In contrast, WT DP3 thymocytes survived far better than the DP1 or DP2 subsets following transfer (Fig. 5A ). Recoveries of SP thymocyte populations were highest of all the populations assayed.
Low Death Rate Among SP Thymocytes. The model of development did not explicitly estimate death among SP thymocytes but, rather, "loss," which is the combination of both death and export of SPs. Given the unexpectedly high death rate of DP2 thymocytes, we sought to estimate the death rate among SP thymocytes, thought to be a key point at which negative selection can occur, so as to determine the thymic stage at which most death occurs. To achieve this, we took advantage of the S1P receptor inhibitor fingolimod (FTY720) to block egress of thymocytes from the thymus, which is induced by S1P. In the absence of egress, the loss of thymocytes from SPs calculated by the model represents an estimate of death among SP thymocytes. Treatment of WT mice with FTY720 resulted in a substantial accumulation of both CD4 SP and CD8 SP thymocytes, as previously reported (11) (Fig. 6A) . We next generated time course data of thymic development in TetZap70 chimeras treated with FTY720. CD4 SP and CD8 SP populations grew in size in an identical manner to controls up to day 5 ( Fig. 6B ). From day 6 onward, SP populations in FTY720-treated mice continued to expand beyond the size observed in control groups. This coincided closely with the time when peripheral T cells are first detected in TetZap70 mice, previously reported as being ∼day 6 onward (9). Using these newly generated data, we estimated the loss parameters for the SP compartments, which would now be expected to reflect death alone. Model predictions using the new parameter estimates closely described the expansion of the SP compartments in FTY720-treated mice (Fig. 6B) . Using the death rates calculated in this way, it was possible to calculate the export rate (Fig. 6C) . For both CD4 SP and CD8 SP compartments, most of the loss due to thymocyte egress and death rates was estimated to be low compared with either DP1 or DP2 thymocytes. 
CD4:CD8 Lineage Bias Originates from Differential Death Rates Among
Class I-and Class II-Restricted DP2 Thymocytes. We next wanted to map the emergence of the CD4:CD8 bias during development. TetZap70 thymocyte development in MHC-deficient hosts provided information regarding the lineage-specific maturation and death rates from DP2 onward under conditions of isolated development. Using these data, it was possible to calculate the efficiencies of selection of each lineage in the absence of the other (Fig. 3C) . Thus, the MHC-deficient data lead us to conclude that class II-restricted DP2 cells select much more efficiently than class I-restricted cells. These data also showed that the total input rates of the two lineages from DP1 from DP2 were very similar. This is because the steady-state DP1 compartment sizes are comparable in the two groups ( Fig. 2) and the per-cell rates of death and maturation from DP1 are indistinguishable (Fig. 3) . Taken together these observations and parameter estimates from MHC-deficient animals suggest that enrichment for the CD4 lineage first arises in DP2 and the differences in the efficiency of selection derive from differences both in the susceptibility of each lineage to death and in their rates of maturation out of DP2. We then sought to confirm experimentally that death rates among DP2 thymocytes were higher in class I-restricted cells than in class II-restricted cells. To do this, we measured survival of DP2 thymocytes purified from Mhc-II
, or WT donors after transfer into WT mice. Survival of DP2 thymocytes from class IIdeficient hosts was reduced, significantly so at day 1, compared with DP2 thymocytes from b2m −/− donors (Fig. 7A) . The relative survival of DP2 thymocytes from class II-deficient hosts compared with DP2 thymocytes from b2m −/− mice was 1.73/3.14 = 0.55. This was in striking agreement with the survival ratio arising from the point estimates of DP2 death rates in the MHC-restricted time courses: exp(−0.88)/exp(−0.27) = 0.54.
Quantifying the Relative Contributions of Precursor Ratio and Differential
Selection Efficiency to the CD4 Lineage Bias Emerging from DP2. Despite this concordance between the model and experiment, it remained possible that our estimates of precursor ratios and selection efficiencies at each developmental stage do not strictly apply when both lineages select together in the same environment. In particular, the dynamics of thymocytes in the control setting could not be described using the MHC-restricted time courses additively. Most strikingly, the control steady-state DP2 compartment was smaller than the sum of those in the MHC-deficient animals, in which from DP2 onward, each of the lineages develops in the absence of the other (Fig. S3) . This implied that there is inter- action or competition between the lineages in DP1 and/or DP2 when selecting ligands for both are available. When both lineages are able to select out of DP1, class I-and class II-restricted precursors are mutually suppressive, although possibly to different degrees. Direct estimates of class I-and class II-restricted precursor behavior in the control time courses are not possible because in DP1 and DP2, the lineages cannot be directly distinguished experimentally. However, additional knowledge of the death rates of the two lineages within DP2 in controls is sufficient to back-calculate the precursor ratio emerging from DP1 and to estimate the selection efficiencies of both lineages in DP2 (SI Methods). We proceeded using the control group parameters and associated uncertainties but assumed that the death rates of each lineage in DP2 were equal to those estimated in the MHCdeficient animals. We considered this a reasonable assumption because the relative survival of DP2 thymocytes from Mhc-II −/− or b2m −/− donors in WT hosts was in such striking agreement with the prediction using these estimated death rates (Fig. 7A) . Fig. 7B summarizes this analysis. The predicted 4:8 lineage ratio entering DP2 is 0.8 (95% CI: 0.4, 1.4), and within DP2, the CD4 lineage selects 2.3 (95% CI: 1.2, 4.5)-fold more efficiently than the CD8 lineage. Together, these figures account for the 4:8 lineage ratio of 1.9 (95% CI: 1.5, 2.2) emerging from DP2 in the control chimeras. Further, roughly 64% of cells in DP2 at steady state are of CD4 lineage, and, notably, in contrast to the predictions from the MHC-deficient and control groups, the lineage-specific rates of maturation from DP2 are comparable (0.22 vs. 0.20 per day). This is likely because the control DP2 maturation rates μ24 and μ23 (0.14 and 0.07), are averaged across DP2, and so must be smaller than the rates specific to each lineage; μ24 and μ23 are recovered from these rates by averaging over the 64% to 36% composition of DP2. This analysis lends further support to our conclusion that the dominant source of bias in the CD4:CD8 ratio indeed is at the DP2 stage and indicates that the lower selection efficiency of the CD8 lineage in DP2 compared with CD4 is, in fact, due largely to a greater susceptibility to death, and likely not to a substantially lower rate of maturation. This is further illustrated when the ultimate fate of class I-and class IIrestricted cells that start selection from DP1 was calculated (Fig.   7C ). Of cells starting selection, most death occurred at the DP2 stage for both lineages, and only a small proportion of cells in comparison were estimated to die in the SP compartment.
Applying Apoptotic Stress to Thymocytes Preferentially Perturbs
Class I-Restricted Thymocyte Development. Our analysis of thymocyte development in TetZap70 mice revealed the critical role thymocyte death has in determining the relative efficiency of CD4 and CD8 lineage development. In particular, both modeling and experimentation showed that apoptosis was unexpectedly high among DP2 thymocytes and that class I-restricted thymocytes were most susceptible. We therefore wished to investigate the mechanisms regulating cell death in developing thymocytes and to test directly the conclusion that the 4:8 ratio is influenced strongly by distinct susceptibilities of class I-and class II-restricted thymocytes to death during selection. Apoptosis of thymocytes is regulated by Bcl2 family members. We therefore analyzed gene expression of Bcl2 family members in different DP populations from WT mice (Fig. 8A) . Key multidomain BH3 executioner molecules expressed in thymocytes are Bax and Bak. Both were consistently and highly expressed throughout thymic development. Among antiapoptotic genes, Mcl1 was expressed at a consistently high level throughout development. In contrast, Bcl-Xl was only highly expressed in DP1 thymocytes, because its expression was rapidly lost as cells entered selection. Conversely, Bcl2 was not expressed by DP1 thymocytes at all, but its expression increased as cells progressed through selection. Among BH3-only family members, which induce death indirectly by sequestering antiapoptotic proteins, Bad, Bik, Bid, and Puma were expressed at low levels, whereas Bmf was expressed in DP1s but lost rapidly thereafter. Significantly, Bim, which is implicated in thymocyte apoptosis during negative selection, was also substantially induced in DP2, DP3, and recently selected heat-stable antigen (HSA) hi CD4 SP thymocytes during selection but reduced in mature SPs. Taken together, these data show that DP2 thymocytes had an expression profile of low Bcl2, low Bcl-Xl, and high Bim that could contribute to their increased susceptibility to apoptosis. Our data suggest that class I-restricted cells are more susceptible to apoptosis than class II-restricted cells, especially at the DP2 stage. To test this directly, we analyzed T-cell development in mice overexpressing a transgene for the proapoptotic factor Bax, controlled by huCD2 expression elements (Bax huCD2 ), that induce similar transgene expression levels throughout thymocyte development (12) . Endogenous Bax is expressed at a similar level throughout thymocyte development (Fig. 8A) . Therefore, Bax overexpression would be expected to apply a uniform apoptotic stress to developing thymocytes. Analysis of Bax huCD2 mice confirmed previous reports of a reduction of ∼50% in thymus size (13) , consistent with impaired survival of DP1 and DN precursors due to Bax expression. The relative size of the DP2 compartment was also reduced ∼2.5-fold in Bax huCD2 thymus (Fig. 8B ). This may reflect increased apoptosis of DP2 thymocytes and/or be the result of reduced recruitment of selecting thymocytes from DP1 due to the reduced t 1/2 of this precursor population. Strikingly, however, the DP3 subset was dramatically reduced by >10-fold in Bax huCD2 mice compared with controls (Fig. 8B) . Overall, the number of cells completing selection was reduced in Bax huCD2 mice, because total SP thymocyte frequencies were less than in controls. Analysis of a 4:8 ratio in HSA hi SP thymocytes, which are the direct progeny of selecting DP precursors, was increased twofold in Bax huCD2 mice, suggesting that class I-restricted development was most perturbed by Bax expression. The increased 4:8 ratio, compared with WT controls, was maintained in mature HSA lo SPs (Fig. 8B) . Measuring the 4:8 ratio among recent thymic emigrants in the periphery revealed that the increased 4:8 ratio observed in Bax huCD2 thymocytes was maintained at an identical level in newly exported cells (Fig. 8 C and D) . The mature naive compartment of Bax huCD2 mice had a greater representation of CD4 T cells than controls. However, although Bax huCD2 transgene expression is maintained throughout development and in mature T cells, the preferential loss of CD8 lineage T cells only occurred in DP thymocytes and no further skewing toward a CD4 lineage was observed at any subsequent stage of development. Discussion Using a straightforward model describing progression through the canonical stages of CD4 and CD8 T-cell development, we identified characteristics of thymic development that account for the CD4 bias in thymic selection. Using detailed time courses of thymocyte development, our analysis specifically identified an unexpectedly high death rate at the DP2 stage of selection, as well as death rates that were significantly greater for class I-than class II-restricted cells within this population. Importantly, these key predictions of the model were confirmed experimentally. Transcriptomic analysis of developing thymocyte populations revealed changes in the expression of Bcl2 family members that could account for the specific increase in susceptibility of DP2 thymocytes to cell death. Applying apoptotic stress to developing thymocytes by ubiquitous Bax expression preferentially killed class I-restricted cells. Together, our results indicate that the lineage bias in thymocyte development derives from lineage-specific susceptibility to apoptosis at the earliest stages of selection and that regulation of apoptotic susceptibility is an important parameter affecting thymic output.
In principle, there are two possible explanations for a bias toward CD4 lineage development. The first is a greater abundance of functionally class II-restricted thymocytes, such that more class II-than class I-restricted thymocytes are triggered into development. We found that this is not likely a significant contributor to the bias; support for this came independently from (i) the observation that the total flux of cells from DP1 to DP2 was very similar between class I-and class II-deficient TetZap70 mice, strongly suggesting that class I-restricted precursors are not limiting for selection in the randomly generated TCR repertoire, and (ii) the estimation of the precursor ratio using DP2 dynamics in a control setting. The second possibility is that development of class I-restricted cells is less efficient than development of class II-restricted cells. We found clear evidence that this was the case. Analysis of developmental time courses and empirical tests of thymocyte survival in vivo both revealed an unexpected high death rate among DP2 thymocytes. Significantly, modeling and empirical validation indicated that class Irestricted DP2 cells had a higher death rate than class II-restricted DP2 cells. The poor efficiency with which class I-restricted cells are selected was also reflected in the estimates of cells starting selection compared with those completing it. The model estimates that 25% or more of thymocytes enter the selection process but that, across all lineages, ∼74% fail (Fig. 3C) . Using estimated death rates in DP2 for each lineage, we estimated that of the 25% of DP1 thymocytes entering selection, ∼64% are class I-restricted, but these cells are substantially less efficient at selecting; ∼7% survive to CD8 SP vs. 35% of class II-restricted cells that survive to CD4 SP (Fig. 7C) .
The high death rate of selecting thymocytes was unexpected and seemed to be almost exclusively restricted to the DP2 stage; the DP3 and SP stages were found to have much lower death rates both in the models and measured empirically in vivo. Analysis of gene expression in thymocyte populations identified key changes in the expression of Bcl2, Bcl-Xl, and Bim that could contribute to the susceptibility of DP2 thymocytes to apoptosis. Bcl2 and Bcl-Xl are paralogs that are able to serve similar functions in regulating apoptosis (14) . Therefore, the loss of BclXl and coincident induction of Bcl-2 triggered by the onset of thymic selection may represent a "paralog switch," specifically to create a hiatus in antiapoptotic Bcl2 family member expression in DP2 thymocytes. In combination with Bim up-regulation, we speculate that such a switch functions by sensitizing DP2 thymocytes to negative selection. It is evident that Bcl2 and Bcl-Xl are limiting for thymocyte survival, because overexpression of either factor greatly improves its survival (13, (15) (16) (17) , as does loss of Bim expression (18, 19) . However, it is interesting to note that absence of Bim or overexpression of Bcl2/Bcl-Xl does not phenocopy the severe autoimmune pathology that occurs when negative selection is abrogated from loss of Aire expression (20) . In fact, recent evidence suggests that additional loss of NOXA and PUMA is a requirement for autoimmune manifestation in Bimdeficient thymocytes (21) , implying redundancy between BH3-only proteins during negative selection. We see little detectable expression of NOXA and PUMA in DP2 thymocytes in our system. It will be interesting to test whether Bim up-regulation acts unanimously in all DP2 thymocytes as a negative selection-sensitizing step, whereas negative selection may be specified to high-avidity clones via PUMA and NOXA up-regulation. Ongoing work will also address how the paralog switch from Bcl-Xl to Bcl2 expression is regulated in selecting thymocytes. We speculate that the TCRdependent selection signal is likely to play a central role in directing expression of these factors. It is possible that repression of Bcl-Xl and induction of Bcl2 during selection are regulated at different signaling thresholds. Therefore, the distinct TCR signaling required for CD4 vs. CD8 lineage specification may also regulate the paralog switch from Bcl-Xl to Bcl2 differently in class Iand class II-restricted thymocytes in such a way that renders them differentially susceptible to apoptosis.
Consistent with the greater death rate of selecting class Irestricted cells, their development does appear to be particularly sensitive to manipulations of thymocyte survival. It has long been recognized that reducing apoptotic stress by overexpression of antiapoptotic factors (15) (16) (17) can apparently increase CD8 SP development. Here, we also found the converse to be true. Increasing apoptotic stress on thymocytes by ubiquitous overexpression of Bax resulted in the preferential death of class Irestricted thymocytes specifically at the DP2 stage. An explanation as to why class I-restricted thymocytes should be more susceptible to apoptosis may lie in the dynamics of selection. Class Iand class II-restricted T-cell development has different signaling requirements and occurs with distinct kinetics. In addition, thymic selection must purge the repertoire of autoreactive thymocytes at the same time in a process possibly facilitated by the paralog switch from Bcl-Xl to Bcl2 expression, which creates a window of apoptotic vulnerability to Bim induction. Therefore, reduced signaling in class I-restricted cells combined with slower kinetics of development, both features of CD8 lineage specification, also increases their exposure to apoptotic stress in the DP2 stage. It seems to be an inevitable compromise between competing demands of positive and negative selection, which specifically conspire to reduce the survival of class I-restricted thymocytes.
Our data also revealed that the proportion of thymocytes signaled into selection is surprisingly high, at 25%. It had hitherto been presumed that the proportion of thymocytes undergoing selection in vivo was much lower, at around 5%, on the basis of SP thymocyte generation and steady-state expression of markers, such as CD69 (22) . In vitro studies have previously suggested that this figure might, in fact, be higher (23) , and studies of reaggregate organ cultures show that the extent of positive selection depends on the availability of thymic epithelial cells (24) . Competition for cortical thymic epithelial cells may underlie the competition between class I-and class II-restricted cells we detected within the DP2 population. In addition, the high proportion of thymocytes with TCRs that can trigger selection seems to be rather more than would be expected if TCR structure generation were truly random and supports the argument for germ-line-encoded recognition of MHC by TCR genes, as debated and suggested by others (25, 26) . Our study did not make any assumptions about cause of thymocyte death. A recent study of Bim-deficient Nur77-EGFP reporter mice revealed that the extent of negative selection in DP thymocytes is far greater than previously appreciated (27) , and this very likely contributes to the high death rate we detected in DP2 thymocytes. However, given the weight of evidence suggesting that CD8 lineage selection is associated with weaker/intermittent TCR signaling, it is also possible that the increased death of class I-restricted thymocytes is not solely accounted for by increased negative selection. Consistent with this, defective negative selection in Bim-deficient mice is not associated with increased selection of CD8 T cells (28) . Rather, given the large fraction of the TCR repertoire that triggers selection and the high failure rate among class I-restricted thymocytes, it is possible that the paralog switch from Bcl-Xl to Bcl2 expression may also serve as an additional stringency test to induce apoptosis in thymocytes whose TCRs may recognize MHC too weakly. Therefore, our data suggest that the repertoire of TCRs that trigger selection is both broader than previously thought and subject to greater quality control at both ends of the spectrum of self-recognition.
In conclusion, the results here suggest that the relatively inefficient generation of CD8 thymocytes is an undesirable but necessary consequence of a developmental process with conflicting interests, rather than the alternative (i.e., that the adaptive immune system simply does not need as many CD8 as CD4 T cells). In this respect, it may be significant that the t 1/2 of naive CD8 T cells in the periphery is longer than that of CD4 T cells (29) (30) (31) and, consequently, the naive CD4:CD8 ratio is lower in the periphery than it is among newly generated T cells in the thymus. Naive CD8 T cells can use IL-15 survival signals that naive CD4 T cells do not and die more rapidly in the absence of either IL-7 or TCR-dependent survival signals (30) . These observations suggest that naive CD8 T cells have greater utilization of and dependence on homeostatic survival signals than do their CD4 + counterparts, which may represent a specific adaptation to overcome their reduced generation during thymopoiesis. Fig. 1A , as described formally below:
where, μ 12 , μ 23 , μ 24 , and μ 38 represent per-cell rates of maturation from DP1 to DP2, DP2 to DP3, DP2 to CD4 SP, and DP3 to CD8 SP, respectively; δ 1 , δ 2 , and δ 3 represent per-cell rates of death in the DP1, DP2, and DP3 compartments, respectively; and v 4 and v 8 represent combined rates of loss due to export and death of CD4 SP and CD8 SP cells, respectively (per day). The population behaviors are assumed to obey first-order kinetics with the independent rate constants defined above; that is, cells have fixed probabilities in any small interval of time to die or to mature. These rates and probabilities are connected. If r is a death rate, for example, the probability of death occurring within 1 d is 1 − exp(−r), which is approximately the rate constant r itself if r 1. Importantly for our analysis, these rates or probabilities are population averages, because thymocytes have diverse TCR specificities and potentials to select. For example, at any time, DP1 will contain subpopulations that are MHC class I-or class II-restricted and capable (but not guaranteed) of maturing to DP2 with potentially different rates. The observation that the thymic populations and, in particular, the CD4 SP and CD8 SP compartments approach equilibrium by day 8 allowed rates of CD4 and CD8 loss (v 4 and v 8 ) to be constrained as functions of input into the CD4 SP and CD8 SP compartments, leaving seven free rate constants. Further, it was assumed that input into the DP1 compartment (λ) was identical in all mice, whereas all other parameters were allowed to vary between strains.
A maximum-likelihood approach was then used to identify free parameters, using the FME package in R. Data from control and MHCI and MHCII KO mice were fitted simultaneously, and a logit transformation was applied to normalize residuals. We generated bootstrap distributions of parameter estimates and 95% CIs by creating 10,000 new datasets by sampling (with replacement) from the observed experimental dataset and repeating the fitting procedure.
Data from FTY720-treated mice were used to identify per-cell rates of death in the CD4 SP and CD8 SP compartments: v 4 _ FTY and v 8 _ FTY , respectively. It was assumed that the rates of loss and maturation in the DP1, DP2, and DP3 compartments, including rates of recruitment into the CD4 SP and CD8 SP compartments, were unaltered by FTY720 treatment. A maximumlikelihood approach was used to identify v 4 _ FTY and v 8 _ FTY , where the remaining parameters were the rates identified from control mice. Rates of egress of CD4 SP and CD8 SP (Ω 4 and Ω 8 , respectively) were calculated with the assumption that cell death in the SP compartments was identical in control and FTY720-treated mice; that is, v 4 _ CTRL = v 4 _ FTY + Ω 4 and v 8 _ CTRL = v 8 _ FTY + Ω 8. Bootstrap distributions of the parameter estimates were generated by sampling (with replacement) from the observed FTY720 dataset and the distribution of parameter estimates (derived from control mice) and by repeating the fitting procedure 10,000 times.
Intrathymic Injections. Intrathymic injections were performed by blind injection into the thoracic cavity as described previously (40) . Briefly, mice were anesthetized through administration of the inhalation anesthetic isofluorane (Isoflow; Abbott). An incision of ∼1 cm was made in the skin, along the midline overlying the lower cervical and upper thoracic regions. Cell suspensions (10 μL, 2-3 × 10 6 cells) were injected into the anterior superior portion of each thymic lobe using a 1-mL microfine insulin syringe (Becton Dickinson) mounted on a Tridak stepper pipette. Following injection, the incision was treated with the local anesthetic bupivacaine hydrochloride (0.25%, Marcain Polyamp; AstraZeneca) and closed with 9-mm wound clips (Becton Dickinson).
Measurement of Relative Thymocyte Survival. Total thymocytes from Zap70
−/− mice were stained with CD8a antibodies conjugated to magnetic microbeads (Miltenyi) and enriched for DP cells using microbead activated cell separation large size separation columns according to manufacturer's instructions. Enriched DP cells were labeled with CellTrace violet (CTV, 5 mM) in PBS containing 0.05% (vol/vol) BSA for 10 min at 37°C at a density of 1 × 10 7 cells per milliliter. Excess CTV was removed by washing cells twice in two volumes of PBS containing 0.1% (vol/vol) BSA. CTV-labeled Zap70 −/− thymocytes were mixed with labeled populations obtained by cell sorting, and the ratio of these cell populations was determined by flow cytometry. Mixed cell populations were next cotransferred to congenically marked hosts for 1 or 2 d and reisolated, and the relative ratio of Zap70 −/− and test populations was reassessed by flow cytometry. Relative survival rates were calculated as (output ratio)/(input ratio), where (input ratio) denotes the ratio of test and Zap70 −/− populations before transfer and (output ratio)
denotes the ratio of test and Zap70 −/− populations subsequent to reisolation.
RNA-Sequencing Analysis. Indicated cellular populations were lysed with TRIzol (Invitrogen), and RNA was prepared according to the manufacturer's instructions. RNA-sequencing libraries were prepared using the mRNA-sEq. 8-sample preparation kit (Illumina) and the Illumina duplex-specific nuclease protocol (41) according to the manufacturer's instructions. Samples were sequenced at the Medical Research Council National Institute for Medical Research high-throughput sequencing facility using an Illumina Genome Analyzer IIx, and 36-bp single-end reads were obtained using the Illumina pipeline. Reads were aligned to the Mus musculus genome (mm9 assembly) using CLC Genomic Workbench (V5) software with standard settings. Aligned reads were mapped to the RefSeq database and were normalized by means of the DESeq method (42) using Avadis NGS (V1.3.1) software. Following DESeq normalization, gene expression was displayed as the number of reads per kilobase of exon per million sequenced reads (nRPKM), using a previously described method (43) .
Statistics. Statistical analyses were performed using R and GraphPad Prism 5 (v5.0d) software.
